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ABSTRACT
Computer Simulation of Urban Runoff Characteristics
Within Salt Lake County
by
Robert Newman Parnell, Jr. , Master of Science
Utah State University, 1971
Major Professor: Dr. J. Paul Riley
Department: Civil Engineering
A hybrid computer program is developed to simulate the outflow
hydrographs of two urban watersheds located within Salt Lake County,
Utah.

The gaged outflow of the watersheds provided a checkpoint for

comparing the observed and the simulated final outflow hydrographs.
The outflow hydrographs for each subzone of the two watersheds
were obtained by abstracting interception, infiltration and depression
storage from each subzone hyetograph.

The outflow of the subzones

were routed to the Jordan River, the final outflow point of the two
watersheds.

The final hydrographs of the watersheds were combined

and compared with the gaged flow.
The uniquenesses of this systems model are the flexibility in
varying hyetographs, variable loss rates, combination of subzone
hydrographs, and the combination of watershed hydrographs.

Subzone

hydrographs can also be plotted for visual inspection as well as obtaining
numerical values.

With a variety of input and output data, designers

xii

a nd plann e rs c an visually perceive urban runoff characteristics.

The

s ystems model should be a tool used by those interested in urban runoff
characteristics.
(123 pages)
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CHAPTER I

INTRODUCTION

Because of the rapid urban development in recent years and the
associated property damage potential, the hydrology of urban watersheds
has gained increased importance.

The American Public Works Associ-

ation ( 1966) estimated that flood damages to both real and personal
property within urban areas of the United States currently exceed $1
billion per year .

Estimates of expenditures before the year 2000 for

storm drainage facilities to serve the rapidly-expanding urban population exceed $25 billion.

Demographers predict a population of 320

million persons within the United States by the year 2000, with over
90 percent expected to reside in urban areas occupying only a few percent of the total national geographic area (ASCE Urban Hydrology
Research Council, 1968).
The increased importance of urban hydrology is well-recognized
by today's planners.

Such awareness results from the rapid growth of

the nation 1 s urban areas and, in many cases, the drainage problems

associated with this growth as indicated by appropriation requests for
expensive structures.

Because drainage structures are costly to

install and maintain, economics has motivated the search for better
and more efficient hydrologic analysis and more efficient design
schemes.
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An urban watershed may be defined as a catc hment a r ea in which
the natural s tream channels are supplemented with or repla ce d by a
system of ar tificia l drainag e works including paved gutters and s torm
sewers.

Although it is diffi c ult to describ e the usual urban drainage

sys tem in quantitative terms, a systematic a pproach to the particular
hydro lo gic problems associated w ith an urban wa tershed r equires smne
form of descriptive quantification.

This process involves the develop-

ment of an adequate mathematical description of the various hydrologic
processes and a practical method of incorporating the mathematical
equations into a model w hich s imulates the physical system.

In this

s tudy a model of this natur e is applied to a particular drainage area in
Salt Lake County, . and th e model is .u sed to. examine the e ffect .of hydroc
logic parame t ers on the urban drainage system.

Objectives

Th e objective approach to this problem is to select a highlyurbanized area and to evaluate the effects that various urban parameters
have on the urban flood hydrogr a ph.

Specific objectives of this study

are:

1.

To d eve lop a systems model utilizing the urban hydrology

simulation mod e l developed at th e Utah Water R esearch Laboratory.
2.

To ca lculate the urban watershed parameters n ee ded in the

simulation mode l.

3.

To include storage considerations for the temporary storage

of portions of the watershed subzone discharge.
4.

To synthesize urban outflow hydrographs with the calculated

input parameters.
5,

To design the systems model such that it will accommodate

an economic analysis for hydraulic design within the watershed.

Organization of the Study

The report is organized into six chapters.

A review of urban

watershed modeling studies is given in the remainder of this chapter .
Chapter II illustrates the watershed s t udy area while Chapter III gives
the development of the hydrologic model.
discussed in Chapter IV .

Computer programming is

Application of the model to the watersheds

is the subject of Chapter V which a l so with outflow hydrographs gives
the results followed by a discussion.

Finally, Chapter VI gives the

summary and recommendations of this study.

Runoff Cons i derations

Although rainfall is described as a stochastic process, rainfall
excess that becomes runoff from the urban watershe d can be described
mathematically.

Useful and reasona b ly accurate results are possible

though some simplifications are necessary to derive and solve the
mathematical equations.

A mathematical model of the runoff process

4

takes into account the total rainfall less the various losses to obtain net
rain.

This net rain eventually co llects and becomes surface outflow.

Losses entail evap otranspiration, interception, infiltration, and surface depression storage.

In the urban mod el, the time considered is

too short for evapotranspiration to become a significant factor and for
groundwater to ente r th e runoff flows; therefore, these processes are
not included.

A schematic diagram of the hydrologic processes is

shown in Figure I. 1.

The dotted line indicates the parameters con-

sidered in this study.
The amount of rainfall loss to interception, infiltration, and surface depression s torage is not easily measured and can vary from
storm to storm, season to season, and year to year.

Further factors

complicating the rate of runoff supply are the spatial and time distribution of rainfall as well as the antecedent conditions w ithin the given
watershed .
The same abstractive runoff processes operate on both rural and
urban watersheds.

The difference being that urban watersheds are

covered with significant quantities of imperviou s a rea which alter the
operation of the a bstractive processes of a natural watershed.

Of pri-

mary importance is the increase in total volume of runoff due to
decreased infiltration, gutter and storm drain systems, and main
channel improvements that change inlet time and lag time on an urban
watershed .

I ---- --

p

r

I
I

I
I

-- -- -- - - -- -- - - -- -- - - ----
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F igur e l. 1 Sche matic diagram to obta in surfa ce o utflow . Th e d o tt e d li n e
i nd ic at e s th e p a ram e t e rs c o nsid e r e d in this s tudy .
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Nurrterous studies have been conducted in which the objective was
to investigate the changes due to urbaniz ation in the runoff process of
a rural wat er shed.

Following is a list of the major effects of urbani-

zation taken from Crippen and Waananen (1969) and Espey, Morgan,
and Masch ( 1965 ):

1.

Greater total volurrte of runoff due primarily to a decrease
in infiltration.

2.

Higher peak discharge for a given storm input.

3.

Higher frequency of flood peaks as a direct result of Number

2.
4.

Shorter rise time; artificial channelization causes a much
quicker response to rainfall excess.

5.

Marked increase in sed iment production during construction
phases of urban development.

Review of Urban Watershed Modeling Studies

A review of the literature, pertinent to the fields of hydrologic
modeling and storm drainage systems for urban areas, shows the overwhehning int e r es t in urban drainage systems and in economic studies

of urban flooding.

Universities and private investigators have con-

ducted and published the results of considerabl e research.
of literature and pertinent topics follows.

A selection
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Recent studies investigating the nature of the hydrologic effects
of urbanization and development on watersheds have provided feedback
useful in approaching hydraulic design and subsequent economic analysis.
Var ied approaches have been taken to relate urbanization and watershed
responses.

The use of the unit hydrograph method, after chronologically

abstrac ting losses, is widely accepted.

Studies on a microscopic scale,

involving the application of overland flo w equations to small impervious
areas, were also made.

Statistical analysis of runoff and urban water-

shed paramete rs provide other avenues of investigation.

The major

part of urban hydrology research has dealt with the evaluation of urbanization effects on the hydrograph characteristics of lag time and peak
discharge.
Tholin and Keifer (1960) made a detailed study of rainfall-runoff
relationships in urban a r eas based on a "D esign Storm" of three hours
duration.

The "Chicago Hydrograph Method" of sewer design evaluates

the physical effect of rainfall abstrac tion s and flow detentions on the
hydrographs of sewer supply and sewer outflow .

Various types of uni-

form land use, ranging from suburban residential to industrial and commercial, were analyzed to determine their influence on the infiltration
capac ity of pervious areas; depression storage; overland flow detention;
detention in gu tters; and d e tention in lateral sewer systems.

In eva lu-

ating th e land u se characteristics in terms of pervious and impervious
areas several sirnplifying assumptions were introduced .
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Utilization of the Stanfo rd Wat ershe d Model in studies w h e r e a
c omp l ete wat e r budget is of inter es t has produce d som e significant
r e sult s .

Thi s digital computer model is based on a system of e quations

used to kee p a running tabulation of all water e nt e ring the watershed as
inflow or precipit a tion, stored within th e wa ter she d and leaving the
wat ers hed as run off, subsurface outflow, or evapotranspiration (Craw ford and L in sley , 1962).
James (1 965 ) used the Stanford Watershe d Model to de ve lop a
long -term continuous hydrograph, betw ee n 1905 and 19 63, for Morrison
Creek, Sacramento County, Califo r nia, which drains 72.7 square miles.
By va ryin g c onsta nts which describe the physi cal c onditions within the
watershed, . a number .of contin.u ous hydrographs were d ev eloped ..

Syn-

thesis of h y drogr a phs for a ny combination of urbanization, channel improvement, and precipitation input could, th e reby, b e produced.
James attempted to relate the independent var iables (urbanization,
c hanneli zati on, and tributary area) with the dep e ndent observed flood
peaks.

A trial and error procedure was used to determine the 32 con-

sta nts a nd 3 arrays necessary to describe the wa tershe d characteristics
for th e di gi t a l prog ram.

In his mode ls, the inputs alter e d to represent

c h anges in the de g ree of urbani zation were:
l.

A d vance of th e tim e-are a histo gr am of inflows to reflect
the probable installa tion of storm sewers;

2.

Increase in th e imp ervious ar ea;
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3.

Decrease in maximum hourly interception and depression
storages because of the reduction in undrained natural
depressions with increase in urbanization;

4.

Reduction in upper zone soil moisture storage;

5.

Reduction in overland flow delay; and

6.

Reduction in interflow delay.

James concluded from his study that impervious cover and channelization are the most important parameters of urbanization affecting the
runoff process in a watershed.
Dempsey (1968), using the Stanford Model and James' values for
a typical urban area land use breakdown, proceeded to run an economic
analysis for Morrison Creek, California,.and. Pond Creek, Kentucky.
To do so he first required an average of structure value assessments
from the Jefferson County tax records.

Eighteen sample properties

were selected on a random basis and categorized according to residential,
commercial, or industrial land use.

The structural value and the acre-

age of each property were tabulated.

The market values were divided

by the acreages so as to get a structure value in dollars per acre.
The values per acre for properties in each category were averaged
to get values for residential, con'lmercial, and industrial properties.

Urban and agricultural damages were considered for various frequencies
of flooding.

The damage sustained was assessed according to the depth

of flooding.

Channel improvements were considered and incorporated
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into the degree of prote c tion a nd flood fr equencies .

Using a discount

rate, a n economic analysis was made for v arious flood fr e que nci es

related to depth-damage parameters.
Viessman (1966) con sidere d the design of a storm drainage system
a twofo ld problem:

(1) individua l runoff inputs m ust be d e t ermined at

e ach inlet or group of inlet s; a nd (2) th ese input s must then b e routed
a nd combined in th e s torm sewe rs, enabling o utflow hydrographs to be
synthesized a t any point of int ere st .

His s tudy i s limited, specifically,

to the determination of runoff hydrographs for small (0. 4 to 1. 0 acre)
imperviou s urb an inlet areas.

I n s mall urban area s (up to seve ral

ac res in size ) the drain can be con sidered to act as a linear r eservoir.
l'he hydrpl ogy .of thes .e .small areas .is excee dingly. important, as most
cotnposite urba n drainag e areas can be broken up into a subset of
sma ller areas usually tributary to the s torm wate r inlets.

Thus, if

th e runoff hydr ograph at eac h inle t within an urban drainage area can
be predicted adeq uately, th e n r o uting of the va rious inle t fl ows wo uld
produce th e desir e d outflow hydrograph.
In hi s s tudy V iessman us e d the follo w in g me thod of analysis:

1.

The rainfall excess was dete n n in ed by considering the
same los s es as are present in a rura l watershed.

Because

th e study areas we re all 100 p ercen t impervious, infiltration
and in t e rception were neglect e d, and depression storage
ac counted for a ll a b s tractiv e l osses .

ll
Z.

The drainage area was considered a linear reservoir with
the storage, S, directly proportional to the outflow.
mathematical terms, S =

i

-

q

kq.

In

The continuity equation is:

ds
dt

( l. l)

in which
i
q

= inflow rate (effective precipitation)
outflow rate (rate of runoff)

The outflow rate, q, is given by the following expression:

q

qmax exp (-T/k)

( l. 2)

in which

i (l - e

-1/k

)

( l. 3)

in which
k

parameter indicating lag time

T

t - l

3.

Synthesis of the total runoff hydrograph by the unit hydrograph method.

Willeke (19 66 ) hypothesized that a linear storage system could be
used to transfer the time distribution of effective precipitation into the
time distr i bution of runoff.

If this idealization is sufficiently accurate,

then the lag time of the watershed would be the only parameter needed
to describe the characteristics of the linear storage system .
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Willeke used a two-part procedure for the hydrograph synthesis
on small urban catchment areas.

First, the effective precipitation

pattern was determined by using the phi-index method.

Second, effective

precipitation was routed through reservoir storage by the Muskingum
formula using coefficients based on x

= 0 and k = lag time.

Evidence presented showed that the lag time, defined as the time
between centers of mass of effective precipitation and runoff, was essentially constant for small urban watersheds.

There were few significant

correlations between lag time and storm magnitude.

These findings tend

to support the hypothesis of linearity.
Espey et al. ( 1965) undertook a study to evaluate the various effects
of urbanization on the hydrologic characteristics ofa small urban watershed located within Austin, Texas.

A linear regression analysis of

data from 24 urban and 11 rural watersheds was used to derive equations
which would evaluate the past rural conditions and predict future urban
conditions for the Waller Creek watershed.

The effects or urbanization

on the discharge hydrograph include a decrease in hydrograph rise time,
2
as well as increases in peak discharge and unit yield (in/mi ).
Narayana et al. (1969) devised a watershed model for an analog
computer simulation of the runoff characteristics of an urban watershed
for the Waller Creek experimental watershed near Austin, Texas.

He

found that the watershed coefficients of the equivalent rural watershed
depended upon urban parameters which vary from year to year.

These

watershed coefficients were represented by interception storage capacity,
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s

1

, th e maximum infiltration capacity role, fa' the minimum infiltration

capaci ty rates, fc {and th e exponential decay factor in Horton's infiltration equation, k f), the d e pression storage capacity, SD, and the ris e
time of the unit hydrograph, tR.

H e simulated some 48 storms on the

wat ershe d and, by a r egres sion analysis , d er ive d the watershed coefficients based upon urban parameters of percent impervi ous area, cf'
and cha racteristi c flo w l eng th, Lf .

His study assumed the w atershed

as one c atchment area.

Evelyn et al. {1970) expanded on t he Narayana et al. {1969) mode l
by dividing the W a ller Cr eek watershed into subzones and calculating
the n ew percent impervious area and the characte ristic flow length.
H e also devis e d a method of routing the subz.o:oe. flows to .the

final . out~

flo w point.
Several conclusions r eac hed on the urban hydrology literature
r evi ewe d are:

1.

Th e unit hydro g raph method is at pr ese nt the most versatile
approach to hydrograph synthesis.

2.

More research inv estig a ting the effec ts of int e rmingling
pe rvious and impervious ar eas is n ee ded.

3.

More c limatologic and h y drologic d a ta are ne ede d for more
con clus ive results in statistical studies.

4.

Accurate ly d escri bing th e abstractive loss processes of
interception, infiltration, and depr essi on storage is the
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most difficult aspect of urban watershed modeling, as these
losses are interrelated and depend on many variables.
5.

Watershed modeling studies are giving good results where
a sufficient quantity and quality of data are available to
verify the model.

The analog computer simulation model for urban hydrology
developed by Narayana et al. (1969) and the modification by Evelyn
et al. ( 1970) forms the foundation of the present study.
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CHAPTER II

DESCRIPTION OF THE WATERSHED STUDY AREA

The urbanized area of Mill Creek and Big Cottonwood is within
Salt Lake County, Utah.

This area was selected for study because it

is subject to frequent storm runoff which exceeds the existing drainage
system capacity and results in flood damage.

The U.S. Department

of Agriculture has aerial photographs of this area with flights in June
and July 1965.

Most of the climatologic, hydrologic, and geologic data

pertaining to the area are published in the form of annual reports or
are in the files of public offices and can be used in the application of
the watershed model.

The Watersheds

Mill Creek and Big Cottonwood Creek are located within Salt
Lake County, near Salt Lake City, Utah, and both are tributaries to
the Jordan River (Figure 2. 1).

The drainage area above Mill Creek

is 21.7 square miles, and the drainage area above Big Cottonwood
Creek is 50. 0 square miles.

These drainage areas lie in the Wasatch

Mountains above the study area.

The urban drainage area of Mill

Creek and Big Cottonwood Creek within the area studied are 14. 8 and
23. 3 square miles, respectively, and extend from the foot of the
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Figure 2. 1.

The watershed within Salt Lake County, Utah.
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Wasatch Mountains to the Jordan River.

The Jordan River flows no r th-

ward into the Great Salt Lake.

Geography
The urban watershed is situated west of the Wasatch Mountains
and extends westward to the Jordan River, northward to Interstate 80,
and southward almost to Little Cottonwood Creek, a total area of 38
square miles.

Topography
Storm and flood waters flow by gravity from the Wasatch Mountains toward the Jordan River (Figure 2. 2).

The rapid runoff of storm

and flood waters from steep grades creates a problem of control in
ditches, curbs, and gutters on the flatter areas due to the volume of
water that must be conveyed to the Jordan River.

Storm water collects

and passes off quickly from the steeper slopes onto the flatter areas,
adding to the burden of collecting and passing storm water which originates on these flatter areas.

The watershed of interest is predomi-

nantly residential, with various patches of commercial and light industrial complexes.

Climate
The Salt Lake City area has temperate, semi-arid climate with
a temperature range from a -20°F to a high of l05°F.

Precipitation

varies with elevation, with normal annual values of 16 inches at Salt

\

;;;
Figure 2. 2.

Topography from the .wasatch Mountains to the
Jordan River.
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Lake City to 40 inches at higher elevations in the mountains.

Rain

may come in a low volume steady fall over a period of many hours, or
it may come as a high intensity short duration storm causing heavy

flow from a concentrated or a relatively large area.

The Weather

Bureau (National Weather Service) has maintained continuous records
at Salt Lake City for more than 85 years which gives general background information.

Geology
As the steep slopes of the mountains merge with the upper planes
of the valley, rocks, and gravel are overlain with sand and soil.
tation of the scrub oak variety abounds with some grasses.
of soil has considerable absorptive quality for storm water.

Vege-

This type
Floor

runoff or high velocity flows of storm water tend to cut and gulley this
type of soil formation.

Once disturbed in grading, trenching, or other

movement, this area becomes highly vulnerable to washing and displacement, and when water is applied to the surface it cannot be readily
absorbed.

In the lower plane of the watershed, the soil becomes heavier

and more compact.

Its absorptive ability lessens and there is the ten-

dency for more but slower runoff to occur.

In depressions, there is

ponding rather than absorption by the soil.

Instrumentation
The watershed's basic instrumentation data were obtained from
six precipitation stations and six gaging station (Figure 2. 3).

Of these
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data, two gaging stations were on Mill Creek, two were on Big Cottonwood Creek, and two were on the Jordan River.

Three non-recording

prec ipitation stations were in the Mill Creek wate rshed and three were
in the Big Cottonwood Creek watershed, with one s tation being used
jointly in the Thiessen network analysis.

Drainage conditions
All storm water which falls within the watershed must flow in
existing natural water courses, man-made water courses, or follow
the curbs and gutters to the Jordan River.

One important factor

affecting the runoff is the present barriers to flo w, notably railroads
and highways.

Runoff reaching these barriers will pass through

existing culv erts or drains, c hange dir ection of flow, or build-up
a nd form ponds.
The exis ting pattern of residential streets acts as co llecting
drains, and the drainage pattern follows the layout and slope of the
streets.

Other minor diversions w hich are present within the study

area are irrigation canals and storm sewers .
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CHAPTER III

THE HYDROLOGIC MODEL

The research undertaken in this study makes use of the urban
watershed model developed at the Utah Water Research Laboratory by
Narayana e t al. (1969) and used by Evelyn et al. (1970) .

Their digital

computer programs used to calculate input data we re modified to reflect
the conditions within Salt Lake County, Utah, and a lso to make the prog rams generally more flexible and readily adaptable to a hybrid system.

Modeling Procedure

Narayana et al. (1969) sought to accurately describe the runoff
process of a small urban watershed by developing an adequate n'athematical model which could be programmed on an anal og computer for
verification.

Evelyn et al. (1970) a ppli ed the Narayana et a l. (1969)

mathematical model to subzones of the watershed in Austin, Texas.
A summary of the original procedure and back-up data needed for the
mathematical model is necessary as a supporting foundation.
The Narayana et al. (1969) modeling procedure is outlined as
follows :
I.

Identification and definition of measurable urban parameters.
(These are coefficient of impervious cover and character istic impervious length facto r . )
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2.

Mathematical description of the various phases of the runoff
process in terms of the physical characteristics of the watershed.

3.

Verification of the mathematical model on an analog computer
by simulation of several recorded runoff events.

4.

Determination of the watershed coefficients from model
verification and relating them to the corresponding urban
parameters.

5.

Prediction of future urban parameters and determination of
the corresponding watershed coefficients.

The watershed

coefficients are dependent on the urban parameters.
Subsequent use of the verified model would then require· knowledge
of the two urban parameters and precipitation.

The estimated urban

parameters must, of course, represent the same time period as the
precipitation values represent.
Utilizing the functional relationship developed in step 4 between
watershed coefficients and urban parameters, the values of watershed
coefficients are determined from any given set of urban parameters.
By applying these watershed coefficients, the outflow hydrograph can
be predicted for any storm.

Urban Parameters

The most difficult part of hydrograph synthesis in urban areas
is the a ccurate determination of the abstractive processes of interception,
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infiltration, and depression storage.

Therefore, the selection of

parame t e rs, w hich are readily measured yet capable of providing a
representative index of the various rainfall losses, is the most crucial
decision in striving for good model simulation.

The percentage imper-

vious cove r and the characteristic impervious length factor have been
chosen as parameters which represent the watershed process es and
which are easily identified without special skills.

Computation of urban parameters
Initial decisions in this procedure involve the determination of
the spatial unit size.

Narayana et al. (1969) chose the entire water-

shed as the primary catchment area.

Evelyn et al. (1970) found that

the synthesis of outflow hydrographs at selected locations within a
basin dictated that a smaller subwatershed or subzone be chosen as the
primary catchment area.

The outflows from the subzones are routed

and combined to determine the outflow hydrograph at the specified
point.

A smaller unit of spatial integration would be the urban block

and would allow one to synthesize stonn inlet hydrographs.

An effici-

ent procedure given by Evelyn et al. (1970) for the computation of the
urban parameters, which are subsequently used in calculating the
watershed coefficients, is outlined and used in this study.

I.

Divide the watershed into a number of sub zones (Figure 3. l ).
A.

Factors influencing the number of subzones and their
boundaries are:

25

1.•

(

\:

F lgu r e 3 . l

Di v iding the watershed
Into subzone s

26
l.

Natural topography and street configurations.

2.

Location of rainfall and streamflow gages.

3,

Objectives of study, i.e., different boundaries
might be chosen for inv estigations of storm
characteristics, of land use studies, and of
design of flood control structures.

4.
B.

Location and direction of diversions.

The concept of the subwatershed model requires that
a ll outflow from a subzone exit through one point.
Although this condition may not be satisfied completely, it should be adhered to as closely as possible.

II.

Determinetheimpervious cover of roads, buHdings, p;trking
lots, and sidewalks.

First, the use of large aerial photo-

graphs (in the present study, aerial photos had a scale of
1"

=

400') greatly reduces the work involved in that mini-

mal enlargement and tracing of details is necessary.

The

personnel gathering data can work directly on the aerial
photographs, delineating boundaries, sub zones, and units within subzones by different co lor wax pencils which can be
erased if necessary.

Second, although the procedure out-

lined cata logs the areal extent of roads, buildings, parking
lots, and sidewalks separate ly for each unit considered,
the important parameter is the total impervious area.

The

separation of impervious cove r into individual types was

Z7

deemed a beneficial feature even though it somewhat increases
the amount of work necessary in gathering data.

This feature

allows a researcher or designer more flexibility in relating
each individual type of impervious cover to the runoff char ac teristics of the watershed.

The cataloging of each unit is

also available when an economic analysis is con1n1enced.

The following procedure determines several average values
of impervious cover which greatly reduce later co1nputations.

A.

Choose a number of residential blocks which provide
a representative samp le of each type of block within
the watershed.
l.

Carefully measure the precise atnount of ea.ch
type of impervious cover for each block.

The

total area of the block was considered from the
area e nclosing the midpoints of the intersections
of the adjacent roadways (Figure 3. 2).

l\leasure-

ments were best taken with a scale and rotameter.

For large areas utilizing a large scale aerialphoto, the planimeter \vas advantageous.

2.

Calculate the percentage impervious area fo r
each individual type of surface for each block.

3.

Average the results of all the blocks to obtain a
mean irnpervious area for residential houses.

Garage roofs, driveways, and horne sidev;:alks
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Theoretical boundary
of an urban block
indicated by - - -

PERVIOUS
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I (
I' igu t·c 3. 2 .

Typical urb a n residential block showing the pervious
a nd the i mper v ious areas .
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were counted as residential houses.
residential home equal to 2400 ft
this study.

This va lue of 2400 ft

2
2

(An ave rage

was used in
was obtained

using a statistical analysis on the blocks sampled.)

4.

In the same manner an average value for the
width of residential streets and for thoroughfares was obtained.

Freeways and main high-

ways should be calculated individually.
B.

Divide the primary catchment area into units based on
the following criteria (Figure 3. 3 ).
L

The amount of impervious cover and its distribution should be nearly homogeneous within the
unit.

2.

The geometric center of the unit can be found
from visual inspection,

The geometric center

of the unit was considered the point from which
all runoff from the unit originates.
C.

Analyze each unit within the basin to determine the
percentage impervious cover.

1.

Using a rotameter, the l ength of all roads within
a unit were rolled off.

The resultant length

multiplied by the road width equaled the area
of the roadway.

/

JOrdon River Flow-

/ · ·· -

.. ~ -- - ~ ..

\

/

...--.. ..............

Forest

w
0

Figure 3 . 3.

Dividing the subzone into smaller spatial units.
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2.

Parking lot areas were determined either by
measuring their dimensions and multiplying or
by use of a planimeter.
The area of buildings equaled the number of

3.

residential homes times the average roof area
plus the larger roof structures such as industrial plants, hospitals, and churches.
4.

The sidewalk cover was obtained by multiplying
the sidewalk width by the length.

The length

can generally be found at the time of measuring
street lengths.

III.

Determination· of the characteristic impervious length factor
was made by using the following formula.

(Reference is made

to Figure 3. 4 . )
L

m

(3. 1)

L

in which
Z a.l.
1

L
m

1

Z a.

(3, 2)

1

a.

the impervious area of the ith unit

1.

the length of drainage from the geometric center of

1

1

the i th unit to the final discharge point of the subzone
L

the maximum length of flow draining from the subzone

32

Boundary of catctvnent areo

/ '

/
Ullil1

1mpervlouo areao

a1 s i mpe rviaua area

I.ai ::. total impervious area
L

-~

m- li:a(

Lm

Lr

Figure 3. 4.

=c-

Sketch illu strating the characteristic impervi ous
length , Lf, for a given watershed or subzone.
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A contour map was required to determine the paths of
drainage.

U.S. G. S. quad sheets are excellent for most

purposes and with a little field observation directions of
flow at street intersections were obtained.

Summary of calculated urban parameters
Aerial photos within Salt Lake County for the Mill Creek and Big
Cottonwood watersheds for the year 1965 were used to determine the
urban parameters.
Table 3. l shows the form of the data collected.

The raw data

were input to a computer program (Appendix A) to total the impervious
categories and to calculate the impervious length factor and the percent
impervious cover.

Having determined the urban parameters, the watershed coefficients
were obtained for each subzone from the regression equations.

These

urban parameters are tabulated in Table 3. 2 for the urban watershed
of Mill Creek and Big Cottonwood Creek.
Justification for using an impervious area of 2400 £t

2

for an average

urban unit results from the subjective sampling from aerial photographs
of 21 residential blocks in the two urban watersheds.

A mean residential

home and mean driveway value were calculated for each block.

The mean

values were then entered into a statistical computer progratn which computed a mean residence area of 1833. 2 ft
2

553.6 £t , to total 2486.8 £t

2

2

and a mean driveway area of

for an average urban unit.
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Table 3. 2.

Summary of the urban para mete r s.

Mi ll Creek

1

sw2

sw

c£

. 262

.220

Lf

.477

• 552

sw

4

sw5

sw

. 27 1

. 0 26

. 2 50

. 273

. 093

. 629

. 690

.682

. 6 38

. 706

3

sw

Big Cottonwood Creek

sw

1

sw2

sw

cf

. 1 18

. 16 7

Lf

. 623

. 489

sw

4

sw5

. 11 7

. 154

. 320

• 438

. 40 1

. 669

3

6

sw

7
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of 95 percent yielded values of a residence between 1716. 9 ft
1949 . 4 £t

2

and driveways between 476.6 £t

2

and 630.6 £t

and lower limits could range between 2193.5 £t

2

2

2

and

The upper

2
and 2580.0 £t , respec-

tively.
For economic and time considerations, individual residence and

driveway values were not calculated for each subzone as the additional
refinement would not be significant.

Individual measurement of the

larger buildings, parking lots, and roadways, masks any small error
in average residence and driveway values.

Determination of Rainfall Excess

Precipitation
The initial step in any watershed modeling procedure is to determine representative storm hyetographs or collect precipitation data
for the catchment area under investigation.
or Thiessen's techniques to a

By applying the isohyetal

raingagenetwork, the areal distribution

of precipitation can be determined.

The Thiessen network was used

in the present study, and the calculations for the storm hyetograph
were made by the computer program in Appendix B.
The precipitation inputs consisted of non-r eco rding gage daily
totals correlated, by ratio, with data from the "Hourly Precipitation
Data," published by the U.S. Department of Commerce.

This hourly

precipitation and the raingag e totals for each storm were the input to
the WATMOD program, and the daily totals from the non-recording
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stations were proportioned to the total of the recording gage .

The time

distribution of the two gage types were ass=ed to be equal, although
in reality for convective storms, this may not occur.

The precipitation

for each storm was calculated in 3D-minute time periods to correspond
to the regression equations for the watershed coefficients.
The 30-minute precipitation was then used in the Thiessen network
ana ly sis to obtain the areal distribution over the urban watershed for the
interval.

The areal distribution of precipitation was then transfe rre d to

the analog computer w here it was used by the watershed model.
Figur e 3. 5 illustrates the precipitation network used, the Thiess e n
polygon network, and the subzone boundaries.

The calculations for the

Theiss·en network analys·is· are contained in the WATMOD program ·in
Appendix B .

Sample input and output data are also given.

Figure 3. 6 shows the isohyetal lines and the precipitation station
totals for a storm that was used in this study.

The isohyetal charts

were not always avai lable, therefore, recourse was made to the Thiessen method to determine area l dis t ribution of precipitation.
The total precipitation values calcul ated for the subzones by the
Thiessen method closely approximated the total precipitation values
ca lculated by the isohyetal method for data of 1968.
for the two methods not being exactly equal are:

Several reasons

1 ) The isohyetallines

were drawn using the six stations used by the Thiessen method plus
other precipitation stations that were not published but were used by
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Fi gur e 3. 6 .

Isohyetal r·Ines for th e e vent o f M ay 22-23, 1968 .
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another study for the purpose of gathering information for comp osing
the isohyetal chart s.

2) Several subzones had two or more isohyetal

lines cross the subzone, while other subzones had no isohyetal lin es
crossing the subzone .

3) The isohyetallines we re drawn with 0. 25

inch interval s and the precipitation station data we re recorded to the
nearest 0. 0 1 in ch .
Numerical comparisons for the 12 subzones were made and
although the isohyetal method gave the g raphical trend of a storm, the
Thiessen method gave satisfa cto ry values.

The Thiessen method

yielded 1. 89 inches versus 2. 00 inche s by the isohyeta l method for
subzone 1 of the Mill Creek watershed .

However, not all of the calcu-

lated Thiessen values were .low., .as the Thiess en . values . were both
higher and lower relative to the isohyetal method.

F or example, sub-

zone 3 of Mill Creek had a value of 1. 91 inc hes by the Thiessen method
and a value of 1. 85 inches by the isohyetal method .
pared values were extremely close .

Many of the com -

For e xample, subzone 2 of Mill

Creek yielded a Thiessen va lue of 1 . 89 inches compared to 1. 90 inches
by the isohyetal method.

The greatest diff ere n ce between the two

methods was 0. 21 inch higher by the isohyetal method at subzone 5 of
Mill Creek with an average difference of 0. 02 inch high by th e isohyetal
method for the t w o watersheds for the 1968 data compar ison.
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Inte rception
Rainfall excess is calculated by subtracting loss es, such as
interception, from the precipitation reaching the ground or vegetative
cove r.

The rate of interception was assume d to reduce exponenti ally

with an increase in interception storage and can be expressed as

i

.
1e

cc

-PIS

I

(3. 3)

in which
i

capacity rate of inflow into interception storage

cc

rate of precipitation
P

cumulative precipitation

SI

volume of interception storage ca pacity expressed as
an average depth over th e catchment area

with the actual interception rate defined by

i

ca

i

for

i

>

i

cc

and

(3. 4)

i

ca

i

cc

for i <

i

cc

-P/S
In order to generate the function ie
is adopted.
y

1. 0 e

Let i
-P/SI

= 1. 0,

I

the fo llowing procedure

the analog voltage in machine units, then
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The n the value to be integrated is

~

iY.
dt

dt

-PIS
(e

I)

(3. 5)

a nd by substituting

iY.
dt

The precipitation after satisfying interception can be expressed
by the following equation

-PIS
i (l - e

I)

(3. 6)

The 1najor portion of moisture accumulated in interception storage
is lost through evaporation.

However, this evaporation l oss does not

form a significant mechanism of the runoff process for short duration
s torms.

Infiltration
The s e cond loss considered was infiltration loss.

Narayana

et a l. (19 6 9) chose Horton's equation which expressed infiltration
ca pacity a s a function of time

f

c

+

(f

0

f )
c

(3. 7)
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in w hich
instantaneous capacity rate of infiltration
time measured from the beginning of the infiltration curve
f

constant rate at which f is approached asymtotically with

c

time
initial rate at t = 0

f
0

Kf

positive coefficient depending upon the soil characteristics

in w hich

f

a

i

1

for

i

< f

1

(3. 8)

and

f

a

f

for

i

1

> f

As indicated by Figure 3, 7, the actual infiltration rate, fa' curve
follows the hydrograph of net precipitation, i , until the net rainfall
1
int e nsity (rainfall less interc e ption) exceeds the infiltration rate capacity
curve.

The initial infiltration capacity rate, depending on the antecedent
soil moisture, is located at a value, f

, which is less than the maxinmm

t1
of the capaci ty rate curve and is located by sliding the curve to the right.
The actua l value of f

depends upon the prevailing soil moistur e status.

t1
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Figure 3 . 7.

I
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f
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a
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Time from Beginning of Rainfall

Typical infiltra t ion r a t e curve.
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Surface de p ress ion storage
The third loss considered was surface depression stor age.

The

capacity rat e of inflow into depression storage is expressed by the following equation

0

-(P

.

c

1

2

e

l

- F)/S

d

(3. 9)

in which
-

net rate of p rec ipitation after satisfying inter-

f

ception and infiltration
accumulated rainfall having satisfied int erception
stora ge
accurnula ted infiltration · loss

F

total volume of available depression stora ge
(expre sse d as mean depth over the entire catchment area)
0

capacity rate of inflow into depression storage

c

in which

0

a

iz when

0

c

> iz

and

(3. 10)

0

a

0

c

whe n

0

c

<

iz
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Watershed Coefficients

The watershed coefficients, based on the regression equations
of interception, maximum a nd minimum infiltration rates, depression
storage, and time of rise describe the fundamental hydrologic behavior
of a watershed.

A sixth coefficient was the lag time, T L' for each

section of channe l within the subwatershed model.
Narayana et al. (1969) developed a series of regression equations
which related the five watershed coefficients to the urban parameters.
Forty-eight storms over a ten-year period were simulated on another
urban watershed model.

The values of the watershed coefficients were

adjusted for each storm until the best results were obtained between
computed and observed storms.

The order of matching computed to

observed storm hydrograph characteristics was:

(1) peak discharge,

(2) rise time , (3) total volume of outflow, and (4) total duration of outflow.
Knowing both the watershed coefficients and the urban parameters
for each year of study, the following multiple regression equations were
developed for the Waller Creek watershed, Austin, Texas.

All but one

of these regression equations as applied to the present urban watershed
study within Salt Lake County.

-0.780- 0. 214Cf

+

2. 476Lf

(3. 11)

2. 029 - 2. 986Cf

-

1. 141Lf

(3. 12)
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l. 066

-

l. 222Cf

sd

-1. 069

+

0.580Cf

tR

52.26

-

83. 70C f

f

c

0. 973Lf

(3. 13)

+

2. 6 79Lf

(3. 14)

+

75. 60Lf

(3. 15)

Equations (3 , ll) through (3. 14) were utilized to determine s ,
1
f

0

,

fc' and Sd; however, the use of Equation (3. 15) was inappropriate

for determining the rise time in the subwatershed model.

Clearly,

the rise time is a function of the absolute areal extent of the catchment
area.

In Equation (3. 15), tR is a function of a constant and two ratios

which do not account for the length of travel of water draining from
the catchment area.

To provide an estimate of rise time, Evelyn

et al. (1970) made recourse to the regression equation of Espey e.t al,
(1965) for the 30-minute unit hydrograph of urban watersheds in the
southweste rn United States.

This equation uses the channel length

and its slope, besides the two urban parameters.
The actual computations of the watershed coefficients from th e
urban parameters were accomplished using the digital computer program in Appendix B.

Table 3. 3 summarizes the watershed coefficients

calculated for the two watersheds within Salt Lake County, utilizing
the Narayana et al. ( 19 69) regression equations and the Espey et al.
(1965) regression equation.

Hydrograph of rainfall excess
The hydrograph of rainfall excess is computed by chronologically
d e ducting the losses due to interception, infiltration, and depression
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Tab le 3. 3.

Watershed coefficients.

Mill Creek
f

f

t

SI
(In)

SD
(In)

sw

1
sw2

• 34

. 36

. 53

. 53

.74

. 26

7•

sw

• 71

. 77

• 50

• 12

6•

3

sw

4
sw 5
sw
sw

6
7

(In/Hr)

c
(In/Hr)

r
(Min)

.70

. 28

7.

0

.92

. 79

1. 16

. 36

28 •

• 85

. 90

• 50

. 09

10 •

. 74

.79

.48

. 11

7•

. 94

. 87

. 94

. 26

17.

Big Cottonwood Creek
SI
(Iri)

sw
sw
sw

1
2
3

sw
4
sw5

SD
(in)

f

f

(In/Rr)

c
(In/Hr)

0

t
r
(Min)

• 73

.66

• 96

. 31

12 .

. 73

.66

. 96

. 31

12.

. 27

• 17

1. 17

. 49

15.

. 17

.09

1. 11

. 48

1 3.

.80

• 91

. 30

. 02

9.
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storage from the hydrograph of precipitation in compatible, finite ,
time increments.

The schematic flow chart of this procedure along

with the various equations developed so far are presented in Figure
3. 8.

These equations are programmed on the analog computer to

obtain the hydrograph of rainfall excess.

Overland-Channel Routing

Narayana et al. (1969) adopted the linear procedure of "storage
routing" wherein the storage effects (overland and channel components)
of the catchment area are accounted for by the characteristic time of
the catchment area.
The general continuity equation for any linear storage . system is

p

e

-

dSt
dt

Q

(3. 16)

in which

P

e

rainfall excess rate

Q

runoff rate

St

catchment area storage (overland and channel components )

Catchment area storage was considered as directly proportional to
the outflow rate

St

(3. 17)
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Precipitation

Evapotranspiration

(storm input)

Interception
Storage

i

ca

=i

cc

Soil Moisture

Depression
Storage

0

a

0

a

Rainfall Excess

Figure 3. 8.

Schematic flow chart for obtaining hydrograph of
rainfall excess.
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in which
tR

the proportionality factor approximated by the hydr ograph rise time

Using the e quation derived by Espey et al. (1965), for 30-minute unit
hydrographs of urban watersheds, the rise time is expressed as a
function of the channel length and the mean slope of the catchment
area.

Hence,

p

e

-

The outle t Q

Q

(3. 18)

for a single catchment area is obtained by solving this

differential e quation.

Subwatershed Model

A concept of the urban watershed model as applied to a subzone
or subwa tershed is essential at this point.

The Narayana et al. (1969)

original model was confined to simulating the runoff from an entire
wate r she d at its final outflow point.
that wa tershed and applied the model.

Evelyn et al. (1970) subdivided
The outflows of e ach subwater-

shed were routed together to produc e the outflow at selected points.
The Evelyn et al. (1970) method was used in the present study.

Channel Routing

The outflow hydrographs at the discharge points of each subzone
are produced by applying the urban watershed model on a subzone level.
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This discharge combines with the outflow from the downstream catchment area.

A technique of channel routing was devised by Evelyn

et al. (1970) to combine each subzon e discharge to produce the final
hydrog raph of the entire basin.
The method used was similar to the overland-channel routing
method of Narayana et al. ( 19 69).

The channel or storm drain is

assumed to be a linear storage reservoir.

Q.

1

Q
0

Hence,

dSc
dt

(3. 19)

and

(3. 20)

Sc

in which
Q.

rate of inflow into the upstream section of channe l

1

(Figure 3 . 9), in this instanc e the upstream section,
which coincides with the up stream boundary between
sub zones

rate of outflow from the downstream section of channel

Q
0

which coincides with the boundary between the two
adjacent downstream subzones
Sc

instantaneous volume of channel storage
proportionality factor between S and Q

o

which repre-

sents the time lag of water flowing between upstream
and downstream channel sections

-+>---it---*- Watershed boundary
Subzone boundary
- - ··· - - ··· -

Main stream channel

Qor • Qir
Qoz •Oiz
Ooo =mountain watershed

~

(J>

Figure 3. 9 .

Schematic diagram of an urban subwatershed model.

"'
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The resulting equation after substituting Equation (3. 20) into
Equation ( 3. 19) is

Q

Q.

(3. 21)

0

1

Derivation of Lag Time

The use of a linear storage system analogy for channel routing
in the subwatershed model necessitated the derivation of an expression
for the characteristi c lag time in Equation (3. 21).
A rectangular channel cross -section was assumed throughout
the watershed in order to simplify the analysis.

Appropriate param-

ete·r s of ·diameter a:nd de·pth ·of flo·w ca:rt be · substituted for a ·s torm
drainage system.

b

channe l width in feet

y

depth of flow in feet

and

therefore

A

by

p

b

cross-sectional area of flow

and

+

2y

"'

b

the wetted perimeter of flow

(3. 22)
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Manning 1 s open channel flow e quation is

Q

AR2/3 !/2
5
1.49=:....__-=--

VA

(3. 23)

n

in which
Q

discharge in cfs

S

channe l slope in ft/ft

n

Manning 1 s roug hne ss coefficient

=

hydraulic radius

y

A/P

2/3

Therefore,

Q

Solving for

l. 49 (by ) y

2/3 1 I 2
s
n

y

as a function of Q

3/5

y

(

f(Q)

n

1 2
1.49bS /

)

Q3/5

(3 . 24)

(3. 25)

y

in which

K

n

1 2
l. 49 bS /

)3/5

(3. 26)
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The following derivation leads to an expression for

TL

as a

function of instantaneous discharge, a quantity readily obtained from
the analog circuits.

A

distance
velocity

LQ

L.£y_

(3. 27)

Q

Substituting Equation (3. 25) into Equation (3. 27)
L bKQ 3 /S
Q

L bKQ- 2 /S

(3. 28)

An expression for lag time, T L' (Equation 3. 28) is given in
terms of readily obtained channel parameters or storm drain design
parameters.

Dividing Equation (3. 28) by 60 gives

TL

in minutes.

Assmning a linear distribution of inflow into the channel or the
storm drain system along its length, then a reasonable expression
for

within a subzone is given by the following

Q

Q.
Q

1

+

Q

0

(3. 29)

2

The Narayana et al. ( 1969) study did not use a lag time concept
since that study had one composite watershed and did not require
routing upstream outflow through downstream subzones.

The Evelyn

et al. ( 1970) study utilized a subzone approach and a lag time parameter.
This parameter was reduced to a constant based on subzone characteristics
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and a variable related to individual storm peak discharge.

The discharge

for each subzone was determined by assuming that the outflow for each
subzone was proportional to the area drained, and, therefore, the lag
time parameter for each subwatershed could be expressed in terms of
the peak discharge at the last subzone outflow point.

The lag time

parameter used by Evelyn et al. (1970) gave satisfactory results.

This

lag time parameter, in essence , gave an attenuation effect to the outflow hydrographs and incre ased the recession time.

The time of the

peak dis charge was not shifted.
In the present study, each subzone discharge was determined

and used to calculate the lag time parameter for each corresponding
subzone.

The calculations for Equations (3·. 26) and (3. 28) were made

by the digital computer using the physical characteristics of the subzones (Table 3. 4), and subsequently scaled for input to the analog
model.

The lag time parame ter is also used to calcul ate the shift in

unit time periods due to channel routing effects.

This unit time shift

is found by dividing the lag time parameter into the time scale and
then rounding to the near es t integer.

The routing of the upstream

hydrograph through the lower subzone channel is then delayed as calcula ted to yield a lateral shift for time of peak discharge.
is followed for each subzone.

This process
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Table 3.4.

Subzone

sw

1
sw2
sw
sw
sw
sw

3
4
5

Physical characteristics of the subzones of Mill Creek
and Big Cottonwood Creek.

Length of Channel
within subzone
d (feet)

width*
b (feet)

2. 20

9200

1. 95

5600

Area
(rniles 2 )

slopes

Mannings

ft/ ft~'

n*

30

• 0370

. 030

30

. 0228

. 030

1. 94

4400

30

. 0284

. 030

2.49

7400

30

. 0250

. 030

2. 02

5400

30

. 0018

. 030

1. 70

4400

30

.0043

. 030

2. 53
14.83

6000

30

. 0017

. 030

sw

6. 86

. 9800

. 3.0

. 0 5.86

. 030

5 . 37

3800

30

. 0036

. 030

sw

7. 29

8800

30

.00 5 7

. 030

2. 61

9600

30

. 0052

. 030

l. 18
23. 31

8600

30

. 0020

. 030

sw

6
7

1
sw2

sw
sw

3
4
5

*Average va lues for the subzones
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CHAPTER IV

THE COMPUTER MODEL

This section discusses the separate digital and analog computer
programs that were used in this urban watershed model study.

The

digital computer programs were written in standard FORTRAN IV
language for the EAI 640 system and are given in Appendix A and
Appendix B with sample input and output data.

The analog programs

are shown as schematic diagrams.

Digital Programs

The first program is used for calculating the urban input parameters, Cf and Lf, and is called URBPAR (Urban Parameters).

The

second program, WATMOD (watershed Model), ca l cul ates the val ues
needed by the analog computer, controls the analog computer, and
prints both input and output data .

Program URBPAR
The URBPAR program represents the solution of Equations (3 . l)
and (3 . 2) for the characteristic imp ervious length factor and the ratio
of the impervious cover to the total area which is the percentage impervious cover.

Thes e values are illustrated in Figure 3. 4.

The program

iteratively computes these watershed characteristics for each subzone
within the catchment area.

The characteristic impervious length factor
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a nd the percent impervious cover are subsequently used by the WATMOD
program.

A general flow diagram of URBPAR is shown in Figure 4. 1.

The program is given in Appendix A.

Program WATMOD
The WA TMOD program is by far the most important of the two
digital programs (Figure s 4. 2 and 4. 3).

This program, given in Appen-

dix B, calculates the precipitation inputs in equal time intervals from
precipitation given in non-equal time increments and also calculates
precipitation distribution from non-recording precipitation stations
based on the total storm precipitation and the time distribution from a
recording precipitation station.
The equal time interval precipitation is then used in a · Thiessen
network analysis to determine the areal distribution of rainfall over
the watershed.

This becomes the precipitation input to the analog com-

puter.
Watershed coefficients, which are used by the analog model, are
calculated by the subroutined ANALOG of the WATMOD program
(Figure 4. 3) utilizing regression equations based on the two urban
parameters

Cf and Lf.

These watershed coefficients are then scaled

for magnitude and transferred to the analog computer where the cor responding attenuators (pots) are automatically set.
The digital computer, before transferring the precipitation to the
analog, che c ks a logic voltage from the analog which is essence acts as
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No

End

0

~
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.,c:
~
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0
u
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"0

.,
0

a:
~

Figure 4. 1.

Flow d i agram of URBPAR program for the digi tal c o mpute r.
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0
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0
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~

.c

0c
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Calculate Areal Distribution
of precipitation by Theissen
Analysis for each catchment

.£
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E
~

"'0

ct
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.,

0

lr

Yes

No

2

Figure 4. 2.

Flow diagram of the WATMOD program.

63

Yes

Figure 4. 3.

Flow diagram of WATMOD subroutine program analog.
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an internal time clock to insure proper input timing.

This logic voltage

comes in high and low square waves at one second intervals of time.
The logic voltage is checked and when proper, the digital computer
sends to the ana log one value of equal interval precipitation per second
(Figure 4. 4).

This precipitation is then used by the analog computer

to calculate the runoff from the waters hed.
After the analog comput er has made the calculations, the va lues
are transferred to and stored in the memory of the di gital computer.
In the meantime, ano ther second of time will hav e elapsed and the
digital compute r, after checking the logic voltage, will send to the
analog another precipitation value.
The iterative cycle is completed· for each catchment area, and
the runoff is routed to the outflow point.

Each catchment area has this

iterative ope ration performed and the resulting runoff summed and the
volume of flow calcul ated .

By the use of an X- Y plotter, a visual

hydrograph can be drawn .

The visual hydrograph is discussed in

Chapter 5 .

Analog Program

The EAI 580 analog computer was used in this study as part of
the hybrid system.

The iterative capability of the hybrid computer

allows various combinations of input parameters to be readily tried,
and parameter effec ts to be visually displayed .

Thus, the

effects on the outflow combinations of urban parameters and precipitation

Digital sends precipitation (SWDTAl
input to the analog

~.--------..,

One Second--.!

Logic Low
Voltoae
1---..:- One Second----.!
Dig ita I sends precipatation (S W D T A)
in.put to the analog

Figure 4. 4.

Time of precipitation inpufs .

0'

"'
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c an be observed.

This can be a great aid in design and economic

s tudies.
Programming the analog computer consists of properly interc onnecting a system of electrical components to simulate linear and
nonlinear mathematical equations.

The basic mathematical operations

which the analog computer can be programmed to perform are:
gration, multiplication, division, and summation.

inte-

The proper inter-

connections of components permit a wide range of mathematical
equations to be simulated.

Synthesis of the mathematical equations

describing the urban watershed on the analog computer is referred to
as the analog model.
The analog computer program, illustrated in Figure 4. 5, represents the mathematical simulation of the runoff process for the watersheds within Salt Lake County, Utah.

The basic program is discussed

as follows .

Precipitation
The precipitation that has occurred during a particular storm or
pr e cipitation generated by a random process (stochastic precipitation)
is the input variable for a given set of urban conditions.
The input for each period was determined from precipitation
r e cords and c alculated in equal intervals as previously described by
the digital computer program in Appendix B.
The precipitation was subsequently scaled for input into the
analog model by dividing the inch/time by the appropriate scaling factor

Precip.

SK= .OI Scale
QS= Stor<x,e

~
~)
(03)

Figure 4. 5.

HHGRA~

~

Schematic diagram of the analog computer program.

0'

__,
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of l inch equal to 1 machine unit.

This assumed that the precipitation

input would not exceed the comput er capability and values less than 1
would be the input.

This precipitation then had losses subtracted from

it to arrive at excess precipitation.

Interception

The expression for capacity rate of inflow into interception storage
is given by Equations (3. 3) and (3 . 4).

A comparator and a switch after

amplifier 08 assures the conditions given by limiting passage of a
positive voltage.

Referring to Figure 4 . 6, this circuit generates the

desired result at smnming amplifier 08 when the proper antecedent
value is set.
The initial condition on integrator 0 can be set to either -1 to
represent a dry watershed or to 0 to represent a recent storm which
has satisfied the interception storage.

Potentiometer, 0 l, was intro-

duced between a -1 source and the initial condition on integrator 00
which enables any intermediate valu e of capacity interception rate to
properly represent various antecedent conditions.

Infiltration

The infiltration capacity rate is given by Equation (3. 7) along
with the conditions defined by Equation (3. 8) and assured by a comparator and a switch after amplifier 09 as represented by Figure 4. 7.

The

output of smnmation amplifier 09 is f, the desired results of Equation (3. 7 ).
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SWOTA
precipatation from digital computer

-i

+j

DAM(OO)

"----].
swrfcH
2R

ie
-I

COMPARATOR

Figure 4. 6.

Interception
rote

Analog circuit for generating the expression
for int erception rate.

-i,

COMPARATOR

Figure 4. 7.

Analog circuit for generating the expression
for infiltration rate.
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Depression Storage

The rate of inflow into depression storage is given by Equation
(3. 9) along with conditions defined by Equation (3. 10).
gram for these expressions is given by Figure 4. 8.

The analog pro-

This circuit is

similar to Figure 4. 6 since Equations (3. 9) and (3. 3) are similar.

Overland-Channel Routing

The expression that governs the routing of rainfall excess as
given by Evelyn et al. (1970) is Equation (3. 18).
The circuit diagram to solve for dQ/dt in Equation (3. 18) is
shown by Figure 4. 9.

Potentiometer 17 is equal to the area of the

respective subwatershed divided by the total area of the watershed.
If the catchment area being modeled is an entire watershed, then the

potentiometer is set at 1.0, as was done by Narayana et al. (1969).

Channel Flow Routing

The expression developed for channel flow routing, Equation (3. 21),
is solved by the analog circuit in Figure 4, 10.

The Outflow Hydrograph

The graphical representation of precipitation excess with respect
to time is called a hydrograph.

By connecting an X- Y plotter to the

output of the analog circuit, various combinations of hydrographs are
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Comparator

I C =-I

10

~--<29 ~-----<41

Figure 4 . 8 .

10
1+----..l

Analog circuit for generating the exp r ession for inflow rate
into depression storage.

Pe

L----<23~----~

Figure 4. 9 .

Analog circuit for obtaining the subwalershed outflow
hydrograph tR i s the time of rise of storm drain inlet time.
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I.

c. =0

Q = --1- (Q.-Q )
c
TL
1
o

Q

Figure 4. 10.

0

Analog circuit for channel routing.

I.

Figure 4 . ll.

c. =0

Analog circuit for scaling the final outflow and total
volume of outflow.
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possible.

By connecting the

amplifier 21, and the

Y terminal of the plotter to the output of

X terminal to a time reference, the hydrograph

of an individual subzone is obtained.

By connecting the

Y terminal

to the output of amplifier 51, the total outflow of the cur rent subzone
plus the routed effect of all upstream subzones is obtained.

The out-

put of amplifier 40 will yield the total volume of flow (Figure 4. 11).
The graphical representation of rainfall called a hyetograph is
obtained by connecting the
28 and the X

Y terminal to the upper input of amplifier

terminal to a time reference.

plotted from the input of amplifier 28.

Precipitation excess is

Some of these hydrographs are

shown in the next chapter.

Time Scaling

The time scale of l second of computer time equal to 30-minutes
of physical time reflects the choice made by Narayana et al. ( 1969)
and Evelyn et al. (1970).

The statistical equations for the unit hydro-

graph characteristics were developed for 30-minute durations by
Narayana e t al. (1969) and Espey et al. (1965), and this time of 30minute periods permits the direct use of the Narayana et al. (1969)
watershed coefficients and the rise time of Espey et al. (1965) as the
characte risti c time in routing precipitation excess.

This time scale

of 1 second equal to 30-minutes of real time works quite well with the
present inputs and the anlog computer.
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Amplitude Scaling

The choice of a proper amplitude scale factor for a problem is
as important as the choice of time scale.

Ideally, a problem should

be scaled to keep the output voltage as high as possib le without exceed ing the maximum voltage range of the computer (:!::
_:!::

l machine unit

10 volts) or allowing the output voltage to drop into the "nois e"

range.
Richardson (1971) estimated return periods for short-duration
precipitation in Utah and found that for a return period of 100 years
and a duration of 30 minutes the recording gage at Cottonwood Weir
would show 0. 89 inch

of precipitation.

Since this was less than l. 00

inch per 30 tninutes, a scale factor of l. 0 was used, and the actual
storm values from the recorded data were used.

In the event that one

hour intervals are used, the scale factor should be increased to about
l. 13, since for one hour duration and a return period of 100 years,

Richards on ( 1971) obtained a precipitation value of l. 13 inches/ hour.
The watershed coefficients for surface depression storage and
interception storage were scaled, since their units were also in inches.
The sca le factor used was identical to the precipitation scale factor.
The watershed coefficient s for time of rise and lag time were not magnitude scaled but were time sca l ed since their units were in minutes.
To convert minutes to 30-minute intervals, the coeffic ients were
divided into the time unit of DELT of the digital program.

This general
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procedure will allow variable time to be used without changing the
program.

This will allow longer or shorter time intervals to be used,

for example, time intervals of 15 minutes or less for storm sewer sys t ems .
Table 4. l summarizes the potentiometer settings used in the
watershed model.

The "pot number" refers to the potentiometer

number used in Figures 4. l through 4. 7.

Table 4. l.

Surrunary of the attenuators (pot) settings on the analog computer.

Program Section

Pot
Number

Variable

Units

Remarks

01''
10

SI

Constant
Inches

Antecedent soil condition (0 to I. 0)
(. 01) SCALE/SI

02*

Kf

Constant

Assumed equal to 0. 5

ll

f

ln/hr

F

12

f

In/hr

F

13

f

In/hr

F

Depression storage

15

sd

Inches

(. 01) SCALE/Sd

Subwatershed outflow hydrograph

16

tR

Minutes

DELT/tR

17

APOT

Constant

Subzone area/watershed area

Channel routing

19

TL

Minutes

DELT/T L

Total volume of
the outflow

20

Interception

Infiltration

c
0

c

c

/SCALE

X

DELT/60

/SCALE

X

DELT/60

/SCALE

X

DELT/60

0

c

X

• 10

Constant

'' Pots are not set automatically by the WATMOD program, but are hand set for each run.
DELT = time interval
SCALE = scaling value to keep pot settings less than l. 0000
-J
0'
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CHAPTER V

APPLICATION OF THE MODEL

The application of the watershed model to the two urban watersheds of Mill Creek and Big Cottonwood Creek, within Salt Lake County,
Utah, is discussed in this chapter.

The input data, the methods of

operation with their inherent flexibility, and the types of output data
are presented.

Input Data

Precipitation data for each of six different storms were obtained
in the form of daily totals for the five non-recording precipitation
stations.

The storms studied were in 1965, 1966, and 1968.

The

gage total for each precipitation station for the individual storm was
punched on computer cards.

The hourly precipitation for the recording

station was also punched on computer cards.

The time of the begin-

ning of the storm and the tim e interval desired for the equal inter va l
precipitation was punched on computer cards.

These data were then

used to calculate the equal time interval precipitation for the five nonrecording precipitation stations bas ed on the ratio of the recording
station total catch to the non-recording station total catch.
data, the Thiessen network analyses was computed.

From these

These analyses

yie lded the precipitation hyetograph for each subzone wi thin the urban
watershed.
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The surface inflow to the urban watersheds was obtained from
strip chart information for the gaging stations immediately upstream
from each watershed.

Using rating tables, the strip chart information

w as converted into cubic feet per second flow with respect to time.
This yielded the hydrographs for the contribution to the first subzone
of the urban watershed.

The gaging station above Mill Creek watershed

( 1700) and the station above Big Cottonwood Creek ( 1685) were maintained by the City of Salt Lake, which made available most of the
records for the storms considered.

The hydrograph for each of the

mountain watersheds was put on cmnputer cards to be used as input
data for its respective watershed.

This discharge from the mountain

watershed would subsequently be routed through the urban watershed.
The urban parameters of percentage impervious cover and the
characteristic flow length were punched on computer cards to be used
in the initial estimation of watershed coefficients for each subzone of
each watershed.
The urban characteristics, consisting of Manning's roughness
coefficient, CN, channel width, B, average channel slope, S, channel
length, CL, area, A, and allowable upstream discharge after storage
considerations, CFS, were punched on computer cards for each subzone in both watersheds.
The direction and the operation of the computer was controlled
by card input.
ID.

The urban watershed selection was by a variable named

ID equaled 1 for Mill Creek and 2 for Big Cottonwood Creek.
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KOUNT controlled the combining of the final outflow hydrograph for
the two watersheds.

KOUNT equaled -1 for the hydrograph combination,

+1 for the regression equations, and 0 for sensitivity.

LD equaled 0 to

c alculate the precipitation for a composite watershed made up of all
the watershed subzones.

LD equaled l for calculating the equal inter-

v al precipitation values and corresponding Thiessen network analyses.
LD equaled 2 to suppress printing precipitation values but to continue
all other calculations.

LD equaled a negative number to do all calcu-

lations and printing except calculations for a composite or single watershed.

RSG equaled l for routing upotream mountain watershed hydro-

graphs.

Storage considerations were controlled by the variable CFS.

Methods of Operation

Composite watershed
The urban watershed model was applied to different spatial
arrangements.

In the first case each watershed was treated as a

single watershed with the surface input hydrograph routed downstream
through the watershed .

Individual computer runs

Creek and then for Big Cottonwood Creek .

were made for Mill

The final outflow hydrographs

w ere combined to become the simulated contribution of the two watersheds to the Jordan River .
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Subzone approach
In the second case, the model was used on a subzone basis with inputs to each subzone.

The accumulated runoff from each subzone included

its contribution plus the addition of the routed upstre am flow.
considerations were also taken into account.

Storage

The outflow hydrographs

of the two watersheds were combined to represent the total discharge
to the Jordan River.

Storage considerations
Two alternative plans for storage were considered in this study.
Plan A had no provisions for temporary storage other than in the main
channel or in the storm sewers, and the discharge was routed to the
Jordan River. through the downstream subz~nes.

This small storage

consideration was accomplished using the attenuation effect of the
watershed coefficients for TR and T L"

Plan B employed temporary

storage at the upper end of some subzones.

If no temporary storage

was desired, the discharge could by-pass the assumed storage location
and allow the full flow to be routed downstr eam.

The Plan B storage

would still have the attenuation effect and lag time effect regardless of
temporary storage.
The model was operated using temporary storage within each
subzone.

The discharge above a given value of CFS was stored as QS

within that subzone .

The remaining discharge was routed and com-

bined with the individual subzone contribution.

The volume of flow
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stored was calculated for the assruned stored flow and the subzone
hydrograph .

Sensitivity analyses
A sensitivity analysis is performed by changing one system
var iable while holding the remaining variables constant and noting
the changes in the model output functions.

If small changes in a

parti cular system parameter induce large changes in the output or
response function, the system is said to be sensitive to that parameter.
Thus, through sensitivity analyses it is possible to establish the relative importance with respect to system response of various system
processes and input functions.

This kind of information is useful

from the standpoint of system management, system n10deling, and the
assignment of priorities in the collection of field data.

Output Data

The model was used to test the system response to a variety of
input data t o illus trate the effects a parameter change would have on
the whole system.

Output data were obtained for nrunerous combinations

of parameters and of subzones.

Digital output
The digital comput er gave nrunerical values for input precipitation
in equal time intervals for each subzone, the watershed coefficients
that were utilized by the ana log computer, the subzones discharge, the
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a c cUITi ulated discharge of the subzone discharge plus the routed upstream
discharge, the stored discharge, the volume of discharge, and the combined watershe d hydrograph.

Analog output
The analog computer output was obtained in graphical form to
illustrate the input precipitation, the precipitation excess, the subzone
hydrograph, the routed upstream hydrograph contribution to the subzone
total discharge, the hydrograph at the subzone discharge point, and the
combined watershed hydrograph.

It should be noted that the analog

computer is very versatile in graphical display since any analog parame ter ca n b e plotted.

Additional values calculated by the analog and not

transf~rred to the digital are the precipitation losses incurred due· to
surface depression, infiltration, and interception losses.

Economic App lications

The stage or gage height for a particul ar flood peak is the distance
from a datUITI point to the water surface.

For a given cross-sectional

area (measured section) and discharge, the stage can be calculated.
For a given frequency of flooding, there corresponds to it a given peak
discharge to desig n for.

At a specified location for this given discharge,

the gage height can be found and subsequently the depth of inundation for
agricultural, c ommercial, or residential properties .
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D e pth-damage curves
Economic evaluation of the damages for a given depth can be
fo rmulate d using depth-damage curves bas e d upon a flood r e turn period.
Thes e cur ve s c an be calculated using field values det e rmined from
previous floods or derived using estimated damages for a given frequency inundation .
From estimated d a mag e s for a given return period of a flood, an
a nnual savings in dollars could be expected if a system were designed
that would lower the depth of flooding or eliminate flooding altogether.
The annual cost of the system installed would offset partial annual
e stimated savings from flood damages.

The starting point in this

e.conomic analysis .begins with the stage discharge-relationship where
e conomic values

are based on either the return period (frequency) for

a given discharge, a discharge, or the stage of that discharge.

The

hydrologic and hydraulic aspects of an economic analysis are generally
the controls for economic benefits.
The watershed model presently gives discharge both in the form
of a graph and numerical ordinates with time as the abscissa.

From

this hydrogr a ph setup, the peak discharge within any subzone can be
found and th e d e pth of inundation can be found, such as at bridge crossings.

Th e cr oss-sectional data for depth of flow could be either input

to the comput e r program, and the computer progra1nmed to calculate
the stag e a nd d e pth of flooding; or the stage can be found manually by
g raphical t echnique s.
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Results and Discussion

The results and discussion in this chapter indicate the usefulness
of the systems model as applied to the two urban watersheds within
Salt Lake County, Utah.

Each watershed was modeled as a compo site

of the subzones of that watershed and then was mode l ed utilizing the
subzone approach.

Watershed coefficients were calculated for each

of the subzones using the regression equations.

Graphi cal results

were obtained as well as a digital computer printout.

The event of

May 22-23, 1968, is presented since this storm had the highest total
precipitation.
The upstream runoff mountain wa t ersheds gaged inflow into each
of the two urban watersheds was routed through each subzone and added
to the runoff of that subzone.

The final hydrograph for each watershed

was combined with the other watershed hydrograph to yie ld the two
watersheds contribution to the Jordan River .

Considerations for both

types of storage were made.

Mill Creek
The urban watershed of Mill Creek has seven subzo n es for which
urban parameters were calculated by the regression equations.
urban parameters were summarized earlier in Table 3, 2.
shed coefficients calc ulated were given in Table 3. 3.

The

The water-

It should be noted

that the minimum infiltration capacity, F c' as calcul ated for each
sub zone in inch/hour was larger than th e precipitation input after
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abstractions for de pr ess i on storage and interception losses.

The F

c

value was converted int o inc h/ 3 0 minutes by t o corr es pond to the 3Dminute time inte r val us ed in this study.

It was found that by initially

se tting F c' to 0. 01 inch/ h our as an initial es timat e and retaining the
other wat ershe d coeffi c i ents at the value calc ulat e d by th e r egression
e quations, runoff wo uld occur.
The watershed coefficients , as i n iti ally cal cu lat ed, abstracted all
the precipita ti on input to th e wat ershed subzones a nd the composite
waters h ed; th erefor e, no runoff occurred.

With no runoff occurring,

the maximum discharge was e qual to zero and th e la g time parameter,
whic h is divided by the dis c har ge , became infinity .

No changes were

made in the regression equations to dir ec tly calculate a lower Fe
value .

Instead,

F

c

was a rbitr a rily set e qual to 0 . 01 with the other

parame t ers unchanged; and th e values as the initia l wa t e rsh ed coefficients were read directly into the computer .

The lag time was initially

es timated to be less than the time of ris e.
These combination s of parameters yielded the initia l runoff hydrograph for each subzone fo r the eve nt of May 22 -23, 1968 .

The Thiessen

netwo rk analyses for the input precipitation are presented in Table 5. 1.
Tab les 5. 2 through 5. 8 represent the digital output of the runoff and
include the wa t ers hed coefficients used.

Figur e 5. 1 is the g raphical

results from the ana log compute r a nd illustr ates the input precipitation
hye t ograph, the excess pr ecipita tion, and the various combinations of
hydrographs .

Storage considerations, alluded to as Plan B for tempo rary
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storage of runoff within various subzones, are given in the previously
mentioned t ab l es.

At the upper end of subzone 1, it was assumed a

storage area could be available and retain the runoff above a selected
20 cfs.

The 20 cfs would be the capacity of the downstream chann e l , and

flows above 20 cfs could conceivably cause flood damag e .

Presently,

there is no reservoir, and the storage cons id eration is only hypoth etical.
Another location for temporary waters h ed storage was selected at the
upper end of subzone 4,

The same assumptions we re applied here as

were applied at the subzone 1 location.
Storage considerati on due to channe l sto ra ge alone, alluded to
as Plan A, was considered by the rise time parameter since storage
was a · function ·of this parameter.

Subzones that were. assumed not to

have t emporary storage were modeled with only channel storage.

The

affect of this channe l storage is shown to be negligible in obtaining the
hydrograph at the subzones o utflow point after the addition of the subzone
contribution and the routed upstream discharge .

The graphical results

present an illustration of this minimal channe l storage for the value of
tR

used in the initial modeling process.

The sensitivity analyses for

the rise time parameter also shows the attenuation effect for various
values tried,

Big Cottonwood Creek
Urban parameters were ca lculated for use with the regress ion
equations for each of the five subzones of th e Big Cottonwood Creek

90

watershed.
3. 2.

The urban parameters were summarized earlier in Table

The watershed coefficients calculated were given in Table 3 . 3.

The same problem with the watershed coeffici ents as derived from the
regression equations occurred as occurred w ith the Mill Creek watershed.

The same assumptions were applied to this watershed to obtain

an initial estimate for the watershed coefficients to yield a hydrograph.
The Thiessen network analyses for the event of May 22-23, 1968,
are presented as Table 5. 9.

It should be noted that for this particular

storm, the more abundant precipitation occurred on the Big Cottonwood
Creek watershed and nearer to th e mountains .

Mill Creek also had

more precipitation near the mountains, with the precipitation decreasing
in the lower and flatter areas downstream.

It is this type of precipitati on

distribution that necessitates design of flood control works to protect
the downstream inhabitants and their property.

With the mountain

watersheds contributing to the urban flow, natural channels are overtaxed and flooding occurs.
Temporary storage to store flows greater than 100 cfs was assumed
at the upper end of subzone l for this wat ers hed.

It was assumed that

the downstream channel can carry th e 100 cfs, and the temporarY, storage
could store all additional flow.

Another temporary storage location was

assumed to be at the upper end of subzone 4, with a channel capacity
limited to 50 cfs because of obstructions.

The results for the event of

May 22-23, 1968, via digital computer printout are presented as Tables
5. 10 through 5. 14.
as Figur e 5. 2.

The graphical results via analog output are presented
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The Mill Creek and the Big Cottonwood Creek hydrographs were
summed to yield the combined hydrograph of the two watersheds at the
Jordan River (Figure 5. 3).
The development of a model of this type necessitates that the
model be verified.
in the study.

The verification would normally occur at this point

A similar combined hydrograph without temporary stor-

age considerations was compared to the gaged flow of the Jordan River,
and it became apparent that from the existing watershed gaging station
pattern that the urban watershed of Little Cottonwood Creek must be
included in the model study.

The addition of Little Cottonwood Creek

to the model would be necessary since neither Mill Creek nor Big
Cottonwood Creek had a gaging station at . the Jordan River.

The exist-

ing gaging station upstream and the gages downstream at the Jordan
River and the surplus canal were to be used in the verification procedure.

At this point in the verification procedure, the ungaged flow

from Little Cottonwood was greater than first expected, and therefore
its contribution to the Jordan River should be considered in the study.
In lieu of verification of the model, due to time limitations, a sensitivity analysis for various parameters was undertaken.

In the sensi-

tivity analyses, one parameter was varied while the other watershed
coefficients were held constant.

The sensitivity analyses was under-

taken for subzone 1 of Mill Creek.

No surface inflow was considered

and no temporary subzone storage was assumed in this analysis.
initial estimation of SI, Sd, and F

The

from the regression equations

255

170

Ul
~

u

85

0

HOURS
Figure 5. 3.

The combined hydrograph for Mill Creek and Big Cottonwood
Creek for the event of May 22-23, 1968 .
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abstracted too much precipitation for the existing conditions.

There-

fore, an analysis of the sensitivity of the model to these parameters
was undertaken since model verification was deleted.

Two of these

coeffici e nts are part of an exponential function for the abstraction of
precipitation and have their greates t impact in the earlier periods of
precipit ation .

These earli e r p e riods of the storms usually had the

hi ghest precipitation within the equal time incr ements.

The parameter

for minimum infiltration, F c' abs tracts constantly throughout the subzone modeling period and has the greatest effect on the abstraction
process after the exponential decay functi on losses are abstracted.
The parameter, F c' was probably the most crucial parameter in the
model study since ·it was a constant abstraction and had an affect on
the peak flow.

The peak flow is used in the determination of the lag

parameter, T L' and this in turn effects the recession side of the hydrograph .

The peak discharge is also used in the computing storage .

Figure 5. 4 presents the sensi tivity analyses for

s1 ,

Sd, Figure 5. 6 for

Note that the assumed

F c' and Figure 5. 7 for

tR .

Figure 5. 5 for

watershed coefficients used previously serve as a reference for sensitivity .

This reference point has a discharge of 4 9 cfs.

The input pre -

cipitation was doubled for the sensitivity analysis since it would allow
greater separation of the graphs and would show the reference point.
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CHAPTER VI

SUMMARY AND RECOMMENDATIONS

Summary

The computer simulation of urban runoff charac teristi cs within
Salt Lake County of the two urban watersheds of Mi ll and Big Cottonwood Creeks made us e of the watershed model developed by Narayana
et al. (1969) and improved by Evelyn et al. (1970).

This study com -

bin ed their separate digital computer programs and the analog program
into a hybrid system.

The resulting hybrid system will allow general

flexibility and a greater variety of conditions to be simulated· with
little or no changes made to the hybrid model.

The one possible pro-

gram change for a waters h ed outside of the indicated urban water sheds
within Salt Lake County would be the Thiessen network analysis as this
network changes with a given situation and the precipitation instrumentation location and number.
In the development of a sys t ems model, utilizin g the urban hydrology simulation mo del developed at the Utah Water Research Laboratory,
due conside rati on was given to the watershed under study.

The avail-

ability of large scale aerial photographs, precipitation records, and
st r eam gaging stations were consid ered.
are listed below.

The ob jectives of this study
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l.

To d e v e lop a systems model utilizing the urban hydrology

s imulation model developed at the Utah Water Research Laboratory.
2.

To calculate the urban watershed parameters,

Cf and

Lf,

n ee d e d by the regression equations in the simulation model.
3.

To include storage considerations for the temporary storage

of portions of the watershed subzone discharge.
4.

To synthesize urban outflow hydrographs with the calculated

input parameters.
5.

To set the watershed systems model up in a manner that an

economic analysis for hydraulic design can be achieved.
The present study utilized the previous work of Narayana et al.
(1969) and Evelyn et al. (1970) for the development of the systems
model.

This systems model consists of the digital program WATMOD

and the accompanying analog computer program.

The combination of

the analog computer and the digital computer has been t ermed a hybrid
system.
The calculations for the urban watershed parameters, Cf and
Lf, are done by the URBPAR digital program.

These urban watershed

parameters are used in the WATMOD program for the calculations of
the watershed coefficients.

The URBPAR and WATMOD programs are

given in Appendix A and Appendix B, respectively, along with sample
input and output data.
The systems model was applied and results obtained.

The model

was not verified because of ungaged flows originating outside of the two
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urban watersheds studied.

This W1gaged inflow was from the urban

watershed of Little Cottonwood Creek and caused significant var i ation
in the total flow of the Jordan River .

The watershed systems model,

in hybrid form, is in a form that allows future additions to the system
for economic and other considerations .

The urban watershed systems model as applied to the two urban
watersheds of Mill Creek and Big Cottonwood Creek, within Salt Lake
County , Utah, and with the results obtained suggested the following
conclusions.

1.

The systems mod e l applied to the two urban watersheds could

ade qua tely verify the outflow hydrograph at the outflow point if the gaged
outflow data for each watershed were available.
2.

The urban watershed of Little Cottonwood Creek should have

been included in this model s tudy due to the location of the available
stream gaging stations.

If Little Cottonwood Creek had been included,

then ve rification may have be e n possible since the contributions of this
creek could have been included in the total watershed runoff.
3.

The regression equations developed by Narayana et al. ( 19 69 )

for the Waller Creek experimental watershed, near Austin, Texas , and
used in th e present study, lack the accuracy needed to predict the watershed coefficie nts.

The regression e quation s as applied in this s tudy

gave a good initia l approximation of the watershed coefficients but were
not compl e t e ly satisfactory.
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Recommendations

The results of this study lead to the following recommendations
for additional research.
I.

The Little Cottonwood urban watershed should be incorporated

into the mod e l for verification purposes, or a correlation study made to
include the Little Cottonwood watershed outflow in the Jordan River flow.
This problem could have been alleviated if there were stream gaging
stations at the mouths of Mill Creek and Big Cottonwood Creek.
2.

More precipitation and streamflow instruments should be

locationed within the watershed and data accumulated for shorter time
intervals.
3.

This would enhance a more accurate model.
The urban watershed model should be applied in planning,

design, and economic studies to demonstrate the usefulness of the
system model.
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APPENDIX A
DIGITAL COMPUTER PROGRAM "URBPAR" FOR CALCULATING THE
PERCENT IMPERVIOUS AREA, Cf, AND THE CHARACTERISTIC
IMPERVIOUS LENGTH FACTOR , L. SAMPLE OUTPUT FOR
THE MILL CREEK AND THE Bicf COTTONWOOD URBAN
WATERSHEDS WITHIN SALT LAKE COUNTY, UTAH,
IS ALSO GIVEN.
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APPENDIX B
DIGITAL COMPUTER PROGRAM "WATMOD " WITH SUBROUTINE
" ANALOG" FOR CALCULATING THE EQUAL INTERVAL
PRECIPITATION DATA , THE WATERSHED
COEFFICIENTS, AND CONTROLLING THE
ANALOG COMPUTER.
SUBROUTINE
"PRINT " IS INCLUDED. SAMPLE
INPUT DATA ARE GIVEN .
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SU8ROUTINE PAINT

COMMO~/BK11SW(50 1 7 ) 1
QC(00 1 7 ),RS~T(50,7 ) 1 QT(~0,7)
COMM0NIB~K/QTV(10) ,GT(U) 1 Q(20) ,T(50) ,QS(50) r GH10),
1 I~C10),NATC50) 1 J,IC,~~.M,I,NYEAR,N

COMHONI6W2/ CNCUlrBC10l,
VO~Q(10lrT~VCI0l ,crS(Ul r
!CFSX(!~l ,CFCI~l ,x~F(10l rSI (10) r'0C10) ,rt (1~) ,SO(Ul rTR(10) ,SIV (10)
2rFCVC10lrSDVC1~),TRVCI0),C~CU),S(10),
FOV(I0),A~OT(10lr
~
VA~(10) 1 A(10lrT~(10) 1
HH(50r2l 1 0[~T,QMAX,AREA,SCA•~
WRIT! (8 1 71)
(Q(~) 1 ~•1 1 20)
71 FORMH C 1H1r 2U4)
WRIT! (6,2) NVEAR
2 FORMAT CIH II OIH WAT!ASHEO COEFFICIENTS FOR SUBZDNES wiTHIN THE
I STUDY AREA
4X 1 I4 1 )
WRIT! (6 1 7)
7 FORMAT (7gH
SIC IN)
SO (IN)
FO (INIHR)
FC (I NIH~)
I TRCMINl
T~CHIN)
,/ 1 77H
P•10
~·15
~·I
22
P•11,.13
P•IO
~-1;
l
WRIT! (6 1 3) I,SI(Ilr~IV(I),SO(I),SOV(Il 1 FOCI) 1 FOVCIJ,FCCIJ,FC 'I(l),
ITRCil ,TAV(I),T~(Il ,T~Y (I)
3 FORMAT ( 3H s•,U 1 F4,2,1Ho,FS,4,1H~rF4,2,!Ho 1 F5,4,!HP,F4,2,1Ho,
!FS, 4 ol~~ ,F 4 ,, 0 1 Ho 0 FS, 4,1 HP 0 F4,0 1 IH• r F5, 4 0 IHP 1 F4,1 0 tHo 0 F6, 4 r I HP r / /)
WRIT! (0,75) IW(I),~~ 1 QMAX,H
75 FOitMAT ( 4H ~W• 1 I2 1 6X,~H ~AGo,!2,5X 1 3H Qo 1 F0,1 1 ,X 1 3~ Mo,%2)
WR·HE (e , 7e)
70 FOA~AT C15H
SUBZONE CFS ACC TOTA~ CFS UU ACRE FT,
STORED
1 CFS
1000 ACRE FT)
U WRIT~ (5 1 81) ( RS~T(K,I), QC(Kril 1 QT(K,I),QS(Kl 1 T(K) 1 K•lrMl
81 FOitHAT ( 5F15,2)
IF C I ,!D, ~l GO TO 83
QHAX o 0.~
00 83

Kol,~

QS (K) o ~.~
IF C~C(K,I) .~T, CFSCI+Ill GO TO 95
QS(K) o QC(K,I) • CFSCI•Il
QC(K 1 Il o CFS(l+l)
FINDING MAXIMUM DISCHA.RG!
P5 I~ ( QC( K1 tl ,GE, QMAX)
QHAX•~C( Kril
CONVE~TING CFS OISCHA~GE VA~UES SACK INTO A~A~OG uNITS
IF (QC(K,!) ,EQ, ,e) ~0 TO 82
QC(K 1 I) o QC(K,!) * OELT I (SCA~E • 3871,2 • ~RU)
U IFCQS(n ,EQ, e,e) GD TD 83
~5(~) • QS(k) • OE~T I C 8CA~E • 3871,2
AREA)
I~ (QHAX ,[Q, 0 0 ) QMAX • 1,0
83 CONTINUE

*

~ETURN
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